1. Introduction {#sec1-nutrients-08-00597}
===============

The characteristic decline in bone mineral density (BMD) at the hip, spine, and wrist that is associated with an increased risk of fragility fracture, is also associated with tooth loss in postmenopausal women \[[@B1-nutrients-08-00597],[@B2-nutrients-08-00597],[@B3-nutrients-08-00597],[@B4-nutrients-08-00597],[@B5-nutrients-08-00597],[@B6-nutrients-08-00597],[@B7-nutrients-08-00597],[@B8-nutrients-08-00597],[@B9-nutrients-08-00597],[@B10-nutrients-08-00597],[@B11-nutrients-08-00597],[@B12-nutrients-08-00597]\]. Having a higher number of teeth and functional dentition (i.e., having pairs of occluding teeth) is positively associated with aspects of a healthful diet and a higher Healthful Eating Index score in older adults \[[@B13-nutrients-08-00597],[@B14-nutrients-08-00597],[@B15-nutrients-08-00597],[@B16-nutrients-08-00597],[@B17-nutrients-08-00597]\]. Moreover, consuming a healthful diet has been linked to a reduced risk of many chronic diseases including osteoporosis \[[@B18-nutrients-08-00597],[@B19-nutrients-08-00597],[@B20-nutrients-08-00597],[@B21-nutrients-08-00597]\]. Together, these findings suggest a cyclical relationship among a healthful diet, tooth loss, and osteoporosis.

Several large observational studies have highlighted positive associations between higher dietary intake of *n*-3 polyunsaturated fatty acid (PUFA) and a decreased risk of fracture risk \[[@B22-nutrients-08-00597],[@B23-nutrients-08-00597]\] or an increase in total body, femur, or lumbar spine BMD \[[@B24-nutrients-08-00597],[@B25-nutrients-08-00597],[@B26-nutrients-08-00597],[@B27-nutrients-08-00597]\] in postmenopausal women. These associations may be due to the anti-inflammatory properties of the *n*-3 PUFA \[[@B28-nutrients-08-00597]\] although exact mechanisms have not been determined. *N*-3 PUFA can exist in the diet either as the essential fatty acid, alpha-linolenic acid (ALA), or the longer chain eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). ALA is commonly found in plant-based foods, such as flaxseed, walnuts, soy, and *n*-3 fortified foods. EPA and DHA can be converted in the body through relatively inefficient processes from ALA, or can be consumed in all types of fish and fish oils. In Canada and the US, the adequate intake of ALA for women over 50 years is 1.1 g/day and although there is no dietary reference intake for the long chain *n*-3 PUFA, it is recommended that up to 10% of the total fatty acid intake be consumed as EPA and DHA \[[@B29-nutrients-08-00597]\]. While total *n*-3 intake has been shown to benefit bone health in postmenopausal women, the relative contributions of different *n*-3 fatty acids, such as ALA or its long chain derivatives, EPA and DHA, have not been consistently demonstrated in the literature \[[@B28-nutrients-08-00597]\].

In humans, few studies have evaluated the impact of total dietary *n*-3 PUFA and oral health, but associations have been observed between higher intakes of EPA, DHA and fish oil and lower incidence of periodontal disease and tooth loss, and with greater healing after periodontal surgery \[[@B30-nutrients-08-00597],[@B31-nutrients-08-00597],[@B32-nutrients-08-00597],[@B33-nutrients-08-00597],[@B34-nutrients-08-00597]\]. Similar associations with ALA were either not investigated \[[@B31-nutrients-08-00597],[@B32-nutrients-08-00597],[@B33-nutrients-08-00597]\] or not observed \[[@B30-nutrients-08-00597],[@B34-nutrients-08-00597]\]. Controlled trials investigating fish oil supplementation and oral health in adults are limited and have provided no definitive conclusions \[[@B35-nutrients-08-00597],[@B36-nutrients-08-00597]\]. In addition, no randomized controlled trials (RCT) have investigated the effect of either flaxseed oil or ALA supplementation on oral health. The few RCTs that have investigated the relationship between flaxseed oil and bone health, either through measurement of biochemical markers of bone health or BMD at hip or spine in postmenopausal women, have not shown a benefit, possibly due to the relatively healthy state of the women studied \[[@B37-nutrients-08-00597],[@B38-nutrients-08-00597],[@B39-nutrients-08-00597]\]. RCTs with fish oil supplementation have resulted in either a beneficial change to markers of general bone health \[[@B40-nutrients-08-00597],[@B41-nutrients-08-00597]\] or no difference compared to controls \[[@B42-nutrients-08-00597],[@B43-nutrients-08-00597]\].

Ovariectomy (OVX) in the rat results in systemic bone loss and deterioration of the bone microarchitecture, similar to the loss of bone mass and structure in women following menopause \[[@B44-nutrients-08-00597]\]. Therefore, the OVX rat model is the approved preclinical model for the study of postmenopausal osteoporosis and its potential interventions, including nutritional strategies \[[@B45-nutrients-08-00597]\]. Although the etiology of tooth loss is multifactorial, hormone-induced bone loss of the alveolar bone supporting the teeth is a potential influencing factor \[[@B46-nutrients-08-00597]\]. Several studies have investigated the impact of OVX on the alveolar bone at multiple sites of the mandible, but only few have used micro-computed tomography (μCT), the gold standard for the quantification of bone microarchitectural changes \[[@B47-nutrients-08-00597],[@B48-nutrients-08-00597],[@B49-nutrients-08-00597],[@B50-nutrients-08-00597],[@B51-nutrients-08-00597],[@B52-nutrients-08-00597],[@B53-nutrients-08-00597]\]. These studies have consistently shown the characteristic decline in trabecular bone microarchitecture of the alveolar bone of the mandible compared to ovary-intact (SHAM) rats \[[@B47-nutrients-08-00597],[@B48-nutrients-08-00597],[@B49-nutrients-08-00597],[@B50-nutrients-08-00597],[@B51-nutrients-08-00597],[@B52-nutrients-08-00597],[@B53-nutrients-08-00597]\].

Therefore, the objective of this study was to determine whether flaxseed oil or menhaden oil would preserve the trabecular microarchitecture, a major determinant of the structural integrity of the alveolar bone, using μCT in the OVX rat model of postmenopausal osteoporosis. The dietary intervention was started prior to SHAM or OVX surgery, during a period of rapid growth, to mimic a lifelong exposure to the *n*-3 containing oils.

2. Materials and Methods {#sec2-nutrients-08-00597}
========================

2.1. Animals and Diets {#sec2dot1-nutrients-08-00597}
----------------------

Twenty one-day old, female Sprague-Dawley rats (*n* = 48) were received from Charles River Canada (Sherbrooke, QC, Canada). Following one-week acclimatization, rats were randomized to receive a modified AIN93G diet containing 18% kcal from protein, 57% kcal from carbohydrate and 25% kcal from fat. The two intervention diets provided 11% fat by weight with an *n*-6 to *n*-3 PUFA ratio of 5:1 with linoleic acid (LA) from safflower oil as the *n*-6 source and either ALA from flaxseed oil (TD. 140813, Harlan Teklad Madison, WI, USA) or EPA and DHA from menhaden oil (TD. 140814, Harlan Teklad, Madison, WI, USA) as the *n*-3 source (*n* = 24/diet). The intervention diets were modified to mimic a physiologically relevant diet pattern that can be easily consumed as part of a healthful diet in humans. Diets were matched for total SFA, MUFA, and PUFA and were isocaloric (4.0 kcal/kg) ([Table 1](#nutrients-08-00597-t001){ref-type="table"}). At 12-weeks of age, rats were randomized within each diet (flaxseed oil or menhaden oil) to receive SHAM-control (*n* = 12/diet) or OVX (*n* = 12/diet) surgery. All rats were given *ad libitum* access to food and water and were doubly housed with rats of similar surgery type and diet, in ventilated cages in a controlled environment (12-h light and 12-h dark cycle; 20 °C). To avoid oxidation of dietary PUFA, all diets were packaged in vacuum-sealed bags at −20 °C until use, and diets were changed three times per week. Body weight was measured at six months of age, coinciding with study end point and food intake was measured over the final week of the study period. At six months of age, rats were sacrificed and the mandible was excised, cleaned of all soft tissue, wrapped in saline soaked gauze and stored at −80 °C until μCT scans were performed. Success of OVX was determined at necropsy by determination of uterine horn weight compared to SHAM rats. This study was approved by the Animal Care Committee of Brock University and was conducted in accordance with the Canadian Council on Animal Care.

2.2. Micro-Computed Tomography {#sec2dot2-nutrients-08-00597}
------------------------------

The right hemi-mandible of 6-month old rats was hydrated in phosphate buffered saline (Sigma, St. Louis, MO, USA) at room temperature for two hours and subsequently wrapped in parafilm wax prior to ex vivo scanning. Micro-computed tomography of the hemi-mandible was performed using the μCT scanner (SkyScan 1176, Bruker microCT, Kontich, Belgium). High quality images of the trabecular bone were acquired with an isotropic voxel size of 9 μm, 80 kV, 298 μA, 1550 ms exposure time, 0.2° rotation step over 180°, and a 2 mm Al filter. The resulting images were reconstructed using NRecon software (v.1.6.9.10, Bruker microCT, Kontich, Belgium). A Gaussian filter was applied to the images with a smoothing kernel of 4, ring artifact reduction of 8%, beam hardening correction of 35%, defect pixel masking of 3%, and a dynamic image range from 0.000 to 0.044 (attenuation coefficient).

The region of interest (ROI) to be analyzed began at the furcation roof at which the roots of the first molar became visibly independent structures. An interpolated hand-drawn shape was drawn to contour the root surfaces in contact with the alveolar bone in the inter-radicular septum. The ROI extended until the end of the mesial root ([Figure 1](#nutrients-08-00597-f001){ref-type="fig"}). A global threshold value of 102 was set to binarize bone tissue from non-bone tissue. Trabecular microarchitectural measurements, including percent bone volume (BV/TV), connectivity density (Conn. D), degree of anisotropy (DA), trabecular number (Tb. N.), trabecular separation (Tb. Sp.), and trabecular thickness (Tb. Th.), were quantified using 3D analysis of the defined ROI and are summarized in [Table 2](#nutrients-08-00597-t002){ref-type="table"} (CT Analyzer, v.1.14.4.1 + (64-bit), SkyScan, Bruker microCT, Kontich, Belgium). Results were reported as per the guidelines for assessment of bone microarchitecture of rodents using μCT \[[@B54-nutrients-08-00597]\].

2.3. Statistical Analyses {#sec2dot3-nutrients-08-00597}
-------------------------

The effects of hormone status (with two levels: SHAM or OVX) and diet (with two levels: Flaxseed oil or Menhaden oil) and their interaction for each dependent variable were examined using a two-way ANOVA. A Bonferroni post-hoc test was used to test the main effects of hormone status and diet. All statistical analyses were performed using SPSS Statistics (v. 22, IBM). Significance was set at *p* \< 0.05. All results are expressed as Mean ± SD.

3. Results {#sec3-nutrients-08-00597}
==========

No significant interaction of diet and hormone status was observed for final body weight, food intake, uterine weight or for any of the trabecular microarchitecture outcomes of the mandible. As expected, there was a significant main effect of hormone status on final body weight, whereby OVX rats (423.42 ± 56.14 g) weighed significantly more than SHAM rats (369.88 ± 66.67 g) (*p* = 0.005) ([Figure 2](#nutrients-08-00597-f002){ref-type="fig"}). Within rats receiving a diet with flaxseed oil, rats randomized to OVX (424.67 ± 65.22 g) had significantly greater final body weight compared to SHAM (348.92 ± 57.51 g). Within rats receiving a diet with menhaden oil, the body weight of rats randomized to OVX (422.17 ± 47.05 g) was not significantly different compared to SHAM (390.83 ± 75.82 g). OVX rats had significantly lower uterine weight at necropsy (104 ± 93 mg) compared to SHAM rats (650 ± 150 mg), confirming successful OVX at three months of age. Food intake over the final week of the study was not affected by either diet or hormone status ([Figure 2](#nutrients-08-00597-f002){ref-type="fig"}).

As shown in [Table 3](#nutrients-08-00597-t003){ref-type="table"}, diet had no significant main effect on any of the trabecular microarchitecture outcomes of the mandible. As expected, OVX had a significant main effect on several outcomes of the mandible compared to SHAM group and post hoc analysis revealed that only OVX rats fed menhaden oil were significantly different from SHAM rats fed menhaden oil. Specifically, OVX rats fed menhaden oil had greater Tb. Th. (*p* \< 0.001), and Tb. Sp. (*p* \< 0.05), and reduced BV/TV (*p* \< 0.05), Conn. D. (*p* \< 0.001), and Tb. N. (*p* \< 0.05) compared to SHAM rats fed menhaden oil.

4. Discussion {#sec4-nutrients-08-00597}
=============

Our findings showed that there was no interaction of dietary oil source and hormone status for any of the outcomes assessed, including food intake, final body weight and trabecular microarchitecture outcomes. Consistent with the literature, the hormone status of rats had a significant effect on all trabecular microarchitecture outcomes of the alveolar bone of the inter-radicular septum under the first molar \[[@B47-nutrients-08-00597],[@B48-nutrients-08-00597],[@B49-nutrients-08-00597],[@B50-nutrients-08-00597],[@B51-nutrients-08-00597],[@B52-nutrients-08-00597],[@B53-nutrients-08-00597]\]. However, the differences in microarchitecture outcomes between SHAM and OVX rats existed only in those fed menhaden oil. This suggests that when *n*-3 PUFA is supplied in the diet as ALA from flaxseed oil, and not EPA + DHA from menhaden oil, the diet may protect against OVX-induced bone loss at the mandible.

Several reviews have summarized that *n*-3 PUFA and their lipid mediators play important roles in the regulation of bone metabolism in growing and in OVX rats \[[@B55-nutrients-08-00597]\]. Potential mechanisms linking *n*-3 PUFA intake and bone metabolism include altered fatty acid composition of bone cell membranes, modified activity and differentiation of the osteoblast and osteoclast, and anti-inflammatory eicosanoid production \[[@B55-nutrients-08-00597]\]. Generally, in studies of growing rats or of OVX rats, a benefit to the long bones of the skeleton and/or the lumbar spine is observed with supplementation of either purified DHA \[[@B56-nutrients-08-00597],[@B57-nutrients-08-00597],[@B58-nutrients-08-00597]\] or fish oils with a high DHA content \[[@B59-nutrients-08-00597],[@B60-nutrients-08-00597]\] and a detriment is found with purified EPA supplementation \[[@B56-nutrients-08-00597],[@B61-nutrients-08-00597]\] or with fish oils with a high EPA content \[[@B60-nutrients-08-00597]\], although the mechanisms behind these different effects is unclear. Feeding young, growing rats flaxseed oil for eight weeks improves trabecular microarchitecture of the tibia compared to control fed rats, but these improvements are not significantly different from changes observed in rats fed menhaden oil \[[@B60-nutrients-08-00597]\]. These results suggest that bone is responsive to *n*-3 supplementation during periods of rapid growth, regardless of the oil source \[[@B60-nutrients-08-00597]\]. The current experiment expands on this concept and is the first to study bone microarchitecture in response to oils with different types of *n*-3 fatty acids when the intervention occurs throughout periods of rapid growth and following hormone-induced bone loss.

As expected, OVX caused a reduction in BV/TV, Tb. N., and Conn. D. and an increase in Tb. Sp. compared to SHAM rats. Unexpectedly, OVX caused a significant increase in Tb. Th. of the alveolar bone. This finding is not consistent with the literature. Previous studies have shown either decreases \[[@B47-nutrients-08-00597],[@B48-nutrients-08-00597],[@B49-nutrients-08-00597],[@B50-nutrients-08-00597],[@B52-nutrients-08-00597],[@B53-nutrients-08-00597]\] or no significant difference \[[@B51-nutrients-08-00597],[@B62-nutrients-08-00597]\] in Tb. Th. compared to SHAM rats, although no study has investigated the longitudinal change in Tb. Th. of the alveolar bone in the same rat using μCT. In most studies reporting decreases or no change in Tb. Th., rats were older (4--7 months of age) when randomized to SHAM or OVX surgery \[[@B47-nutrients-08-00597],[@B48-nutrients-08-00597],[@B50-nutrients-08-00597],[@B51-nutrients-08-00597],[@B52-nutrients-08-00597],[@B62-nutrients-08-00597]\] and so the increases in Tb. Th. observed in this study may be due to the timing of OVX. Although the time points in our study are similar to those commonly used in OVX rat studies of PUFA interventions and long bone health \[[@B63-nutrients-08-00597],[@B64-nutrients-08-00597],[@B65-nutrients-08-00597]\], OVX at three months of age causes a premature switch to bone remodeling from normal growth \[[@B66-nutrients-08-00597]\]. Therefore, for future study of the alveolar bone, OVX after three months of age may be necessary to limit the disruption to normal trabecular growth and development that may still be occurring at the mandible.

Strengths of this study involve the long time course of supplementation and the design of the intervention diets. Rats were fed the experimental diets from a young age, coinciding with periods of rapid bone growth, through randomization to SHAM or OVX surgery, and for a three-month period following surgery. This was done to more closely mimic human dietary patterns, which may not change over time \[[@B67-nutrients-08-00597]\]. Moreover, the diets were designed to ensure that the macronutrient profile, micronutrient profile, total SFA, MUFA, and PUFA were matched. The *n*-6 to *n*-3 PUFA ratio of each intervention diet was also matched at 5 to 1 to mimic a diet that can be consumed through a healthful dietary pattern. A further strength of this study was the use of μCT at a spatial resolution of 9 μm to quantify microarchitecture outcomes of the mandibular alveolar bone. The use of such high resolutions for the acquisition of images limits partial volume effects and other artifacts of μCT scanning that can blur the definition between bone and non-bone tissue within each individual voxel, ultimately over or underestimating the 3D trabecular outcomes. A limitation of this study was that we cannot elucidate the effects of specific fatty acids on the structure of the alveolar bone in rats. Further study is needed to identify the role of specific fatty acids or combinations of fatty acids involved with these effects.

5. Conclusions {#sec5-nutrients-08-00597}
==============

In summary, feeding rats flaxseed oil from one to six months of age provides protection against the OVX-induced bone loss at the mandible when OVX is performed at three months of age. Similar protection to the trabecular bone microarchitecture is not observed when rats are fed menhaden oil. These results suggest a benefit to incorporating plant sources of *n*-3 PUFA in the diet during the lifespan to help support the structural integrity of the mandible, and thus promoting retention of teeth.
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![Representative image of a rat (**a**) hemi mandible; (**b**--**d**) sagittal, coronal, and transverse cross-section of the first molar with the region of interest (ROI) in the inter-radicular septum defined in red; (**e**--**g**) 3-dimensional representation of the volume (grey) surrounding the ROI (white).](nutrients-08-00597-g001){#nutrients-08-00597-f001}

![Final (**a**) body weight and (**b**) food intake of 6-month old SHAM and OVX rats randomized to diets with flaxseed oil or menhaden oil. A significant main effect of hormone status was observed for final body weight (\* denotes a difference between both SHAM groups versus both OVX groups, *p* \< 0.05). Within rats receiving a diet with flaxseed oil, rats randomized to OVX (424.67 ± 65.22 g) had significantly greater final body weight compared to SHAM (348.92 ± 57.51 g) (a versus b denotes a difference between these two groups fed flaxseed oil, *p* \< 0.05). Within rats receiving a diet with menhaden oil, the body weight of rats randomized to OVX (422.17 ± 47.05 g) was not significantly different compared to SHAM (390.83 ± 75.82 g). No differences were observed among groups for food intake over the final week of the study period. All data are expressed as Mean ± SD.](nutrients-08-00597-g002){#nutrients-08-00597-f002}

nutrients-08-00597-t001_Table 1

###### 

Components of intervention diets.

  Component (g/kg)                    Flaxseed Oil   Menhaden Oil
  ----------------------------------- -------------- --------------
  Casein + [l]{.smallcaps}-Cysteine   203            203
  Corn Starch                         357            357
  Maltodextrin                        132            132
  Sucrose                             100            100
  Cellulose                           50             50
  Mineral Mix ^1^                     35             35
  Vitamin Mix ^2^                     10             10
  Choline Bitartrate                  2.5            2.5
  TBHQ                                0.022          0.022
  Safflower Oil                       45             70
  Cottonseed Oil                      43             4
  Flaxseed Oil                        22             \-
  Menhaden Oil                        \-             36
  SFA                                 18.25          17.47
  MUFA                                18.16          18.07
  PUFA                                73.55          72.42
  *n*-6                               61.32          58.21
  *n*-3                               12.23          11.71
  *n*-6:*n*-3                         5.01           4.97

^1^ AIN-93G-MX (94046); ^2^ AIN-93-VX (94047).

nutrients-08-00597-t002_Table 2

###### 

Summary of trabecular microarchitecture outcomes measured by μCT.

  Microarchitecture Measurement                              Unit      Explanation
  ---------------------------------------------------------- --------- -----------------------------------------------------------------------------------------------------------------
  Percent bone volume (BV/TV)                                \%        Percentage of area within ROI occupied by bone
  *Greater BV/TV is considered positive for bone health*               
  Connectivity density (Conn. D)                             mm^−3^    Number of redundant connections between trabecular structures per unit volume
  *Greater Conn. D is considered positive for bone health*             
  Degree of anisotropy (DA)                                  No unit   Orientation of the trabecular network, 1-isotropic (lacking orientation), \>1 = anisotropic (highly orientated)
  *Greater DA is considered positive for bone health*                  
  Trabecular number (Tb. N.)                                 mm^−1^    Average number of trabeculae per unit length
  *Greater Tb. N. is considered positive for bone health*              
  Trabecular separation (Tb. Sp.)                            mm        Average distance between trabeculae
  *Greater Tb. Sp. is considered negative for bone health*             
  Trabecular thickness (Tb. Th.)                             mm        Average thickness of trabeculae
  *Greater Tb. Th. is considered positive for bone health*             

nutrients-08-00597-t003_Table 3

###### 

Trabecular microarchitecture outcomes of the inter-radicular cavity below the first molar of the mandible in SHAM and OVX rats.

  Trabecular Outcome     SHAM              OVX                *p* Value                                             
  ---------------------- ----------------- ------------------ ----------------- ---------------------- ---- ------- ----
  **BV/TV (%)**          55.87 (5.83)      59.09 (4.82)       53.35 (7.61)      52.22 (5.29) \*        NS   0.05    NS
  **Conn. D (mm^−3^)**   915.66 (445.40)   1420.86 (858.96)   545.43 (446.03)   541.75 (230.40) \*\*   NS   0.001   NS
  **DA**                 1.32 (0.06)       1.33 (0.06)        1.38 (0.08)       1.33 (0.06)            NS   NS      NS
  **Tb. N. (mm^−1^)**    11.709 (1.523)    12.847 (1.463)     11.011 (1.923)    10.764 (1.363) \*      NS   0.05    NS
  **Tb. Sp. (mm)**       0.173 (0.056)     0.137 (0.056)      0.203 (0.082)     0.221 (0.083) \*       NS   0.05    NS
  **Tb. Th. (mm)**       0.048 (0.001)     0.046 (0.002)      0.049 (0.002)     0.049 (0.001) \*\*     NS   0.001   NS

No significant (NS) interaction or main effect of diet was observed for any of the trabecular microarchitecture outcomes measured. Hormone status had a significant main effect. Rats randomized to OVX had a significantly lower BV/TV, Conn. D, and Tb. N., and significantly greater Tb. Sp. and Tb. Th. compared to SHAM. All data are expressed as Mean (SD). Significantly different from SHAM rats receiving the same diet (\*, *p* \< 0.05; \*\*, *p* \< 0.001).
